The origin of simultaneous improvements in the short-circuit current density ( Jsc) and open-circuit voltage (Voc) of porphyrin dye-sensitized TiO2 solar cells following white light illumination was studied by systematic variation of several different device parameters. Reduction of the dye surface loading resulted in greater relative performance enhancements, suggesting open space at the TiO2 surface expedites the process. Variation of the electrolyte composition and subsequent analysis of the conduction band potential shifts suggested that a light-induced replacement of surface-adsorbed lithium (Li+) ions with dimethylpropylimidazolium (DMPIm+) ions was responsible for an increased electron lifetime by decreasing the recombination with the redox mediator. Variation of the solvent viscosity was found to affect the illumination time required to generate increased performance, while similar performance enhancements were not replicated by application of negative bias under dark conditions, indicating the light exposure effect was initiated by formation of dye cation molecules following photoexcitation. The substituents and linker group on the porphyrin chromophore were both varied, with light exposure producing increased electron lifetime and Voc for all dyes; however, increased Jsc values were only measured for dyes containing binding moieties with multiple carboxylic acids. It was proposed that the initial injection limitation and/or fast recombination process in these dyes arises from the presence of lithium at the surface, and the improved injection and/or retardation of fast recombination after light exposure is caused by the Li+ removal by cation exchange under illumination. there an initial injection limitation and/or fast recombination process in these dyes arises from the presence of lithium at the surface, and the improved injection and/or retardation of fast recombination after light exposure was caused by the Li + removal by cation exchange under illumination.
INTRODUCTION
Over the last two decades dye-sensitized solar cells (DSSCs) have emerged as an innovative technology for the development of low cost, renewable and environmentally acceptable energy production. [1] [2] [3] Efficient charge separation in these devices is achieved by photoinduced electron injection from a sensitizing dye into the conduction band of a metal oxide electrode to which it is chemically anchored.
The resulting dye cations are subsequently reduced by a redox electrolyte, which also conducts holes to the cathode. The solar-to-electric power conversion efficiencies of DSSCs depend on a balance of the kinetics for charge injection, collection, recombination and dye regeneration processes, 4 with the best devices currently exhibiting power conversion efficiencies of 11-12 % under AM 1.5 illumination. [5] [6] [7] [8] The efficient light harvesting potential of porphyrins, exemplified by their primary role in photosynthesis, makes them promising candidates for photosensitizers within DSSCs. 7, 9 Their synthesis is relatively straightforward, and their optical and electronic properties can be easily tuned via chemical modification of the porphyrin core, 10 the number of porphyrin units, 11, 12 and the linker between the core and the inorganic oxide. 13 The capability of porphyrin sensitizers was recently highlighted by a report demonstrating a new DSSC benchmark efficiency of 12.3 % under AM 1.5 full sunlight for a device with a donor-π-acceptor zinc porphyrin sensitizer coupled with a cobalt-based redox mediator. 7 This report demonstrated the remarkable potential of this class of chromophores, although the majority of porphyrin dyes have not approached such impressive efficiencies despite major progress in the development of innovative design strategies. [14] [15] [16] [17] It is therefore clearly important that the factors that affect the performance of the porphyrin dyes as sensitizers are systematically elucidated and understood.
The most notable limitations for a number of porphyrin dyes include restricted electron injection yields and an enhanced recombination between injected electrons and the acceptor species in the I -/I 3 -redox mediator. 10, [18] [19] [20] Strategies to remove such limitations have driven the development of several new porphyrin dyes, [21] [22] [23] [24] however, despite encouraging progress, the reasons for limitations in porphyrin sensitizer performance are not completely understood.
The exposure of DSSCs to light for various time periods has been shown to produce several interesting effects, including performance enhancements and recovery after thermal aging. 25, 26 This phenomenon is of great interest due to its considerable practical implications, however, the origin remains ambiguous.
Indeed, the behaviour of DSSCs in response to light exposure for time periods ranging from 1 hour to several days is highly dye-dependent. Previous reports have proposed a range of explanations, including enhanced electron transport arising from the creation of shallow TiO 2 electronic states for a ruthenium polypyridyl dye, 26 a positive conduction band shift and photo-production of surface states in the TiO 2 for a perylene dye, 27 or a rearrangement of the dye molecules under illumination for a dendritic oligothiophene ruthenium sensitiser. 28 Recently, a detailed study of this process using time-resolved luminescence on DSSCs prepared with ruthenium complex dyes and various electrolytes determined that the improved J sc observed after light exposure can be attributed to an increased injection yield arising from a change in the kinetics of injection caused by a positive conduction band shift. 29 This paper also reported a reduction in the charge recombination after light exposure to mitigate voltage losses from the conduction band shift. For DSSCs prepared from a zinc porphyrin dye we previously reported that a short light exposure treatment produced simultaneous improvements in the J sc , V oc and fill factor for a zinc porphyrin DSSC. This result could not be completely explained by any of the mechanisms previously reported. 25 Understanding the relationship between dye structure and such effects is essential to design sensitizers for highly efficient DSSCs.
In this report, we investigate the origin of simultaneous improvements, following light exposure, in all photovoltaic performance parameters that we recently reported for porphyrin-sensitized solar cells.
Experiments performed to systematically examine the effect of light exposure on the TiO 2 conduction band potential and electron lifetime as a function of (i) dye loading, (ii) electrolyte composition, (iii) solvent viscosity, and (iv) dye structure, have provided much clearer insight into the principal mechanism responsible for the performance improvements. Figure 1 . Dye molecules GD1, GD2 and P159 were prepared as previously reported. 11, 30, 31 The synthesis of porphyrin dyes P347 and T1 will be reported separately.
DSC Fabrication. TiO 2 films were prepared on fluorine-doped tin oxide (FTO) substrates (Asahi Glass Co., Asahi-U, R s ≤ 12 Ω sq -1 ) using a doctor-blade technique and were sintered at 550°C for 30 minutes in air. The FTO-glass substrates were sonicated in propanol and exposed to UV light and ozone for 15 minutes prior to TiO 2 paste deposition. DSSCs were prepared using a 2.5 μm transparent TiO 2 layer (Nanoxide-T, Solaronix), with film thicknesses measured using a Dektak 150 profilometer. Each film was briefly reheated to 450 °C before immersion into 0.2 mM anhydrous tetrahydrofuran solutions of porphyrin dyes for 2 hours. Reduced dye loading samples were prepared by sensitization from diluted 0.02 mM anhydrous tetrahydrofuran solutions of porphyrin dyes for 2 hours. Sandwich-type DSSCs were assembled using a 25 μm Hymilan sealant and Pt-sputtered FTO-glass counter electrodes.
Electrolyte solutions of varying composition were injected between the electrodes through a hole in the counter electrode, which was subsequently sealed with additional Hymilan. Electrolyte compositions employed in this study included: DSSC Characterization. Current-voltage curves were recorded using a Keithley 2400 source measure unit after illuminating the DSSCs with a simulated 100 mW cm -2 air mass AM 1.5 light source (YSS-100A, Yamashita Denso). The light intensity was adjusted using a calibrated silicon solar cell.
The device area was masked with black paint defining an aperture slightly larger than the active area. 32 The light intensity of the simulated sunlight source was reduced for specific measurements using neutral density filters. Incident photon-to-current conversion efficiency (IPCE) spectra were recorded on a set-up using the monochromated output from a xenon lamp equipped with sorting filters (SM-25, Bunkou, Keiki). The size of the output beam was larger than the DSSC active area. The short circuit current response of devices was recorded in 10 nm steps using a Keithley 2400 source measure unit referenced to the output of a calibrated silicon diode.
Electron Lifetime and Diffusion Coefficient Measurements. Electron lifetimes and diffusion coefficients were determined using stepped-light induced measurements of photocurrent and photovoltage (SLIM-PCV) transients. 33 Measurements were performed using a 635 nm diode laser (Coherent, LabLaser) illuminating the entire DSSC active area. This wavelength was selected as the dyes are weakly absorbing at 635 nm, allowing a relatively uniform generation of electron density throughout the entire TiO 2 film thickness. The illumination intensity of the laser, controlled by the input voltage, produced values ranging from 1 mW cm -2 to 10 mW cm -2 . Photocurrent and photovoltage transients were induced by the small stepwise (≤ 10%) change of the laser intensity, controlled with a PC using a digital-to-analogue converter. Induced transients were measured by a fast multimeter (AD7461A, Advantest). Electron densities at each laser illumination intensity were determined by a charge extraction method in which the light source is switched off at the same time as the DSSC is switched from open to short circuit. 34 The resulting current was integrated, with the electron density calculated from the amount of charge extracted. Diffusion coefficients were determined by fitting the current decays to a single exponential as previously reported, 33 although we note that this treatment assumes no recombination losses during charge transport. Electron lifetimes were determined by fitting the voltage transients to single exponential decays as previously reported. 33 The electron diffusion lengths of devices were calculated from transient measurements using a previously reported method where the electron lifetime and diffusion coefficient are determined at the same quasi-static Fermi level. 35 For this purpose the electron lifetime (τ n ) was plotted against the electron density at open circuit and the diffusion coefficient (D n ) was plotted against the electron density at short circuit for identical illumination levels. The short circuit electron density was determined using the previously mentioned charge extraction apparatus; however, no compensating bias was applied to the devices under illumination. After fitting both trends to power laws, the diffusion length, L n was calculated as (τ n D n ) values we have previously reported for DSSCs prepared with this porphyrin dye. 25 Our previous work on the light exposure effect indicated that heat treatment of devices in the dark produces only small performance improvements, while light treatment using a UV long-pass or IR short-pass filter induces similar improvements to the full simulated AM 1.5 spectrum, suggesting that the effect is linked to the photo-excitation of the porphyrin dye molecules. Accumulation of electrons in the TiO 2 was considered as a possible mechanism for the light exposure effect since the treatment is performed under open circuit conditions where electron density accumulates due to zero extraction. However, accumulating charges by applying a negative bias to the TiO 2 electrode in the dark did not reproduce the same photovoltaic improvements as the light exposure effects but rather produced the opposite trends in V oc and J sc (see SI, Figure S1 ). This result, coupled with our previous observations, suggests that photo-oxidation of the dye molecules plays a crucial role in the light exposure effect. To gain insight into the role of the dye molecule in the light exposure mechanism, the dye surface coverage was reduced by ~50 % by sensitizing films from diluted dye bath solutions. The reduced dye loading DSSCs were then subjected to the same 1 hr light exposure treatment. Current -voltage curves and photovoltaic performance parameters for the reduced dye loadings are also included in Figure 2 .
Light exposure of the reduced dye devices produced a J sc enhancement of 24 %, a 6 % increase in the V oc and an unchanged fill factor, leading to a 32 % enhancement of the power conversion efficiency.
The V oc increase is similar to that observed with full dye surface coverage (6 %), however the lightinduced photocurrent enhancement is notably larger, leading to a larger relative increase in the initial device efficiency for the reduced dye device. This result implies that the ratio between the number of dye molecules and electrolyte species plays an important role in the light exposure performance enhancement mechanism.
The role of the dye molecules was examined further by measuring open circuit voltage and short circuit current decays for GD2-sensitized DSSCs with different dye coverages. Electron lifetimes and diffusion coefficients determined before and after 1 hour light exposure are shown for different laser intensities in Information) . Photovoltage decay measurements demonstrate a factor of 2 to 4 increase in the electron lifetime (τ) at matched electron density for the full dye loading after light exposure (Figure 3(b) ).
Conversely, a decrease in the electron diffusion coefficient (D) at the same electron density was also observed as seen in Figure 3 (a). The V oc vs electron density plot exhibits no shift in either the slope or intercept before and after light exposure (Figure 3(c) ). Since each device employs an identical redox mediator, this lack of change indicates an identical TiO 2 conduction band level and no change in the trap density or distribution before and after light exposure. The trends in electron lifetime and diffusion coefficients following light exposure are identical for the reduced and full dye loading devices. When the dye loading is reduced, the diffusion coefficients and conduction band potentials remain identical to the sample with full dye loading, however, the electron lifetime is slightly shorter for the reduced dye sample. This is indicative of a physical blocking effect, where decreasing the amount of dye diminishes the blocking effect, allowing I 3 -acceptor species closer to the TiO 2 surface and reducing the electron lifetime through an enhanced probability for recombination. To measure electron density in the TiO 2 film accurately, the electron diffusion length in DSSCs must be longer than the thickness of the TiO 2 film employed. 36 It is possible that charge collection losses due to a low diffusion length affect the J sc in these devices. In this case, the increase in J sc observed after light exposure could be due to an increased diffusion length. To check if the thickness of our devices is shorter than the electron diffusion length, the open circuit voltage at matched electron density was compared among DSSCs with a range of different TiO 2 thicknesses (Figure 4 (a)). As discussed earlier, the V oc vs log(ED) plot indicates the relative TiO 2 E CB level, which should not be affected by the film thickness. The data measured here shows that the V oc vs log(ED) plots are invariant for both full and reduced dye loadings for film thicknesses between 1.6 µm and 4.5 µm, and confirms the earlier observation that there are minimal shifts after light exposure. However, when the film thickness is increased to 6 µm or higher, the plots begin to show a negative shift, that is, a shift towards higher V oc values at matched electron density. Since it is highly unlikely the TiO 2 conduction band shifts negatively by up to 50 mV simply by increasing the film thickness by 2 µm, this result suggests that there are some recombination losses during charge extraction for the 6 µm films, and thus the electron density was underestimated. This leads to identical V oc values appearing to correlate with a lower charge density due to recombination, which manifests as the observed negative shift on the V oc vs log(ED) plot.
This result implies that the diffusion length of these devices is approximately 5 µm at open circuit.
However, we note that previous studies of diffusion length have predicted and observed a decrease in diffusion length with decreased electron density. 37, 38 This arises due to a typically sub-linear recombination reaction order with respect to the redox mediator. To analyse whether such effects occur in the present porphyrin system, which would further reduce the diffusion length at the lower electron density values found at short circuit, we have computed the diffusion length (L n ) from transient measurements of the electron lifetime and diffusion coefficient. To ensure the same quasi Fermi level for measurements performed at open circuit (lifetime) and short circuit (diffusion coefficient), the electron density was determined at the appropriate circuit condition for each measurement. The diffusion length was then computed using values computed at identical electron densities using:
These results are shown in Figure 4 (b). The diffusion length at open circuit was determined to be 5.6
µm for as prepared devices, and 5.9 µm for light exposed devices from Equation (1 
where D 0 and τ 0 are the free electron diffusion coefficient and lifetime respectively and n b the background electron density, the diffusion length at short circuit predicted by Equation (2) exhibits a reduction by a factor of 1.4 (as prepared) or 1.3 (light exposed) compared to the value measured at open circuit. By applying these reduction factors to the open circuit diffusion length determined from Equation (1), the diffusion length at short circuit was estimated to be 4.0 µm for as prepared, and 4.5 µm Equation (2) Equation (1) for light exposed devices. The difference between short circuit values from Equation (1) and Equation ( 2) may arise from the photocurrent transient measurement technique not providing completely homogeneous electron density generation in the TiO 2 film due to extraction at short circuit as previously reported. 38 The variation in device J sc with film thickness also aids in estimating the diffusion length at short circuit. is clearly lower than the predicted value for a 6 µm film, consistent with a short circuit diffusion length of 3.4 -6 µm, in agreement with the predicted diffusion length at short circuit from Equation (2) and close to the value from Equation (1) . Since the data in Figures 4(a)-4(c) collectively confirms that the short circuit diffusion length is longer than the TiO 2 film thickness of 2.5 µm, it is concluded that changes in charge collection cannot be the origin of the observed device J sc increase after light exposure.
Based on these results, the J sc increase after light exposure is attributed to an improvement in charge generation. The exact origin of the improvement could be due either to an improved injection yield, faster injection kinetics, decreased fast recombination, or a combination of these alternatives.
Since our system for measuring voltage and current transients operates at reduced light intensity (maximum value 10 mW cm -2 ), we also attempted to confirm that the information determined from these measurements could be used to explain trends observed in J-V measurements under 100 mW cm -2 illumination. For instance, the electron lifetime trends for the reduced dye loading samples in Figure   3 (b) appear to be slightly diverging towards larger electron densities, and thus conclusions regarding the diffusion length and negligible charge collection losses determined at 10 mW cm -2 may not be valid at 100 mW cm -2 . To address this, the average relative increase in the photocurrent observed in four different DSSCs after light exposure was determined for both full and reduced dye loadings under AM 1.5 spectral irradiation at different illumination intensities (Figure 4(d) ). This data verifies that the enhanced J sc improvement observed after light exposure for the reduced dye loading samples is consistent within experimental errors at reduced light intensities of 30 mW cm -2 and 12 mW cm -2 .
Figures 4(a) and 4(b) suggest with measurements on the transient system with an illumination power of up to 10 mW cm -2 that charge collection losses have little influence on performance in these DSSCs.
Since the J sc increases appear similar at 12 mW cm -2 , 30 mW cm -2 and 100 mW cm -2 light intensities, it is concluded that information obtained from the low light intensity source can be used to explain device trends measured under one sun illumination. This is supported by the measurements of J sc at 100 mW cm -2 also implying minimal charge collection losses in these devices (Figure 4 (c). 
II. Variation of the Electrolyte Composition

Influence on J-V Characteristics
The nature of the cations employed in the electrolyte is known to have a significant impact on charge transfer processes in DSSCs, 39-41 and may therefore effect the light exposure mechanism. To investigate the influence of electrolyte components on the light exposure mechanism, DSSCs were prepared with three different electrolyte compositions: a standard mixture (I), a dimethylpropylimidazolium (DMPIm + )-rich electrolyte, which contained no lithium or tert-butylpyridine (II), and a lithium-rich electrolyte which employed no DMPIm + or tert-butylpyridine (III). The ionic strength of the cations was maintained at 0.7 M in all cases. The J-V curves for DSSCs constructed from each electrolyte prior to and following a light exposure treatment are shown in Figure 5 , with the photovoltaic performance parameters of these devices reported in Table 1 . Figure 6(b) shows that the electron lifetime for the standard electrolyte is higher than that of both other electrolytes, with the DMPIm + rich electrolyte exhibiting a slightly higher electron lifetime than the Li + rich electrolyte at matched electron density. The Li + electrolyte also displays the lowest diffusion coefficient, with the DMPIm + electrolyte exhibiting the highest diffusion coefficient and the standard electrolyte producing a value between these two extremes. The V oc vs electron density plots in Figure   6 (c), indicative of the TiO 2 E CB value since the redox mediator concentration and solvent are identical
for each electrolyte, demonstrate that devices prepared from the Li + electrolyte have the most positive E CB , whilst those prepared from the DMPIm + electrolyte have the most negative E CB . The standard electrolyte again exhibits an E CB value between these two extremes. Light exposure of these devices produces an increase in the electron lifetime for each electrolyte. Figure 6 (a) shows that the diffusion coefficients of the standard and DMPIm + electrolytes are reduced after light exposure, whilst that of the Li + electrolyte is increased. The V oc vs electron density plot indicates that the E CB for the Li + electrolyte exhibits a significant negative shift upon light exposure, whilst the DMPIm + experiences a positive E CB shift with respect to the NHE potential scale. There is no change to the TiO 2 conduction band upon light exposure of the standard electrolyte as observed in both our previous measurements 25 and those shown earlier in this work ( Figure 3 ). We note that previous reports have suggested light exposure of DSSCs can lead to a change in the trap density of the TiO 2 . 26, 27, 42 The data in Figure 6 indicates that the slope of the V oc vs electron density plots remains constant for the standard electrolyte before and after light exposure, implying that the density of trap states in the semiconductor remains constant. For the Li + electrolyte there appears to be little change in slope, whilst for the DMPIm + electrolyte, there is a small change in the slope. Changes in the slopes of these plots could represent changes in the trap density distribution in the TiO 2 . However, the slope divergence is most noticeable at lower energy levels, where the ratio of traps to total trap density is relatively low. Whilst the influence of a change in trap density on the photovoltaic performance cannot be excluded, the trends in J -V data from Table 1 for the case of electrolyte II can be primarily accounted for by shifts in the TiO 2 conduction bands as discussed below. The light-induced J sc and V oc changes in each device can be largely rationalized based on the changes in the electron lifetime (τ) and E CB . The overall trends in electron lifetime, diffusion coefficients, J sc and V oc in response to light exposure are summarized in Table 2 , with possible causes of these trends discussed in further detail below. For as-prepared devices, the low ) is significantly lower. This result cannot be explained by an injection yield that is dominated by the potential difference between the TiO 2 conduction band and the dye LUMO only. One possible explanation for this is that the presence of lithium ions acts to impair the charge generation process, despite increasing the value of ΔG inj . 
Mechanisms for the Changes in the Conduction Band Edge Potential, Charge Transport and Recombination Kinetics.
The major influence of the light exposure treatment across these three electrolytes appears to be a significant shift in the conduction band potential when only one cation is employed in the electrolyte.
The relative conduction band positions are determined by the amount of surface charge on the TiO 2 , with Li + having the strongest impact on this parameter since it is known to adsorb to the TiO 2 surface. 42 The negative shift in E CB induced by light exposure in devices containing the Li + electrolyte then suggests that Li + is being desorbed from the surface and diffusing into the bulk of the electrolyte, since there are no negative potential determining species that could adsorb to the TiO 2 . This premise is supported by the observed increase in the diffusion coefficient following light exposure. Since electron diffusion in DSSCs is typically described by an ambipolar transport mechansim, with cations from the electrolyte diffusing through the TiO 2 pores in unison with electron movement in the nanoparticles, 43 changes in the relative concentration of ions present in the surface and bulk regions of the electrolyte will affect electron diffusion. When adsorbed to the surface, electrons may be somewhat anchored around the vicinity of the immobilized ions, which are expected to have a different diffusion coefficient to the mobile cations. Assuming the ambipolar diffusion coefficient approaches the electron diffusion coefficient at high electron densities, the electron diffusion coefficient for this electrolyte is 1. and the acceptor species in the electrolyte. 45 The removal of Li + and adsorption of DMPIm + is also consistent with the increased lifetime in the standard electrolyte following light exposure, since both effects act to increase the electron lifetime.
The increase in J sc for DSSCs prepared with a standard electrolyte arises from an improved internal quantum efficiency as we have previously reported. 25 From the data in Figure 4 we have excluded an improvement in the charge collection yield since collection losses are minimal. It therefore appears that the improved photocurrent is due to either an improved injection yield, faster injection kinetics, the prevention of a fast recombination process, or a combination of all three alternatives. Without direct kinetic measurements of the injection dynamics on fast time scales it is difficult to distinguish between these possibilities. However, for the standard electrolyte it was earlier noted that the presence of lithium ions in the electrolyte shows a lower than expected photocurrent considering the relatively high value of ΔG inj for this process. In the light-induced cation exchange process we propose here, these lithium ions would be removed from the surface region, potentially removing their limitation on the injection process or promotion of a fast recombination reaction and thus increasing the J sc .
III. Variation of the Electrolyte Solvent Viscosity
It was earlier noted that accumulation of electrons by application of a negative bias to the TiO 2 electrode in the dark did not reproduce the same photovoltaic improvements as the light exposure effects, and furthermore, that exposing devices to a light treatment with infrared or UV-cutoff filters produced the same results as a light treatment with the full AM 1.5 spectrum. Coupled with the strong influence of dye loading on the magnitude of light-induced performance enhancements reported in Section I, these results suggest that photo-oxidation of the dye molecules plays a crucial role in the light exposure mechanism. To investigate the effect of dye oxidation on initiation of the DMPIm + cation insertion process, the electrolyte solvent viscosity was varied to slow down the dye regeneration by I -and alter the lifetime of oxidized dye molecules as has been previously reported. 33, 46 The photovoltaic performance parameters prior to and following light exposure of devices prepared with the 0.7 M DMPImI and 0.05 M I 2 electrolyte in various solvents (acetonitrile = ACN, methoxyacetonitrile = MeO-ACN, γ-butyrlactone = GBL and propylene carbonate = PC) are recorded in Table 3 . Corresponding IPCE and J-V curves are displayed in Figure 7 , whilst the viscosity, donor number and dielectric constants of each solvent are recorded in Table 4 . The J sc and V oc values of asprepared devices show a strong dependence on the electrolyte solvent. ACN-based devices show the lowest J sc , whilst the higher viscosity solvents GBL and PC show a much greater photocurrent from as-prepared devices. However, this higher current is offset by a lower V oc for the GBL device, with the other three solvents showing approximately the same V oc . After light exposure the ACN-based device shows the typical increase in J sc and decrease in V oc for the DMPIm + electrolyte. The MeO-ACN-based device shows the same trends, although the relative decrease in V oc is much greater than for the ACN device. In contrast, the GBL and PC devices show large reductions in both the J sc and V oc following light exposure. Significant changes in the IPCE spectral shape after light exposure in these solvents, including loss of the characteristic porphyrin Q-bands and the emergence of a new absorption band around 700 nm ( Figure S11 ) suggests this is mainly due to dye degradation under illumination. Figure 7 and Table 3 indicate that the photovoltaic performance parameters of the as-prepared GBL device are similar to those of the ACN device after light exposure. This result may imply that altering the solvent can achieve the same photovoltaic effect as light exposure for this dye. To further verify that the system properties are similar for as-prepared GBL and light exposed ACN devices, the electron lifetime and TiO 2 conduction band potentials were compared. It is clear that employing a solvent with higher viscosity and dielectric constant (GBL and PC) produces similar effects to those of light exposure in an ACN-based system, where the DMPIm + ions are thought to adsorb to the TiO 2 surface. Previous reports have found that the J sc and V oc of devices are dependent on the donor number of the electrolyte solvent, 46, 49 although in these studies, increases in V oc accompanied by decreases in J sc were reported when the donor number of the solvent increased, whereas the trends observed in this study are not consistent with these reports, indeed showing the opposite correlation. However, it is still possible that the donor number of the solvent affects the equilibrium constant for adsorption of electrolyte cations to the TiO 2 surface, producing different TiO 2 surface energetics as previously reported. Alternatively, given the light exposure effect is initiated by photooxidation of the dye molecules, it is possible that the increased solvent viscosity leads to a longer dye cation lifetime due to slower regeneration from I -, providing an accelerated light exposure effect. To distinguish between these two effects, the lifetime and conduction band potential of devices prepared in the GBL electrolyte were measured in the dark prior to any illumination using a recently published method. 50 These values were then re-measured in the dark following acquisition of J-V curve, and were finally measured under illumination from a diode laser. These results are shown in Figure 8 . 
IV. Dye Structure Dependence
The cation exchange mechanism responsible for light-induced performance enhancements in GD2
DSSCs is consistent with all the above measurements; however, as we have only examined this single dye it is not clear whether this cation exchange mechanism is unique to this dye or whether it can be harnessed to boost the performance of other sensitizers. To gain more insight into the Li + removal process and why it originally limits injection or promotes fast recombination in GD2 DSSCs, a series of porphyrin dyes with different peripheral moieties and binding groups were prepared (see Figure 1 ) and incorporated into DSSCs. The photovoltaic performance parameters before and after light soaking are shown in Table 5 for a porphyrin dye (GD1) that has a similar porphyrin core to GD2 but which employs a cyanoacrylic acid binding group instead of a malonic acid group (Figure 9(a) ). The electron lifetime, diffusion coefficient and TiO 2 E CB values for this dye are compared to those of GD2-sensitized devices prior to and following light exposure in Figure 9 . The trends in electron lifetime (Figure 9 (c)), diffusion coefficient ( Figure 9 (b)) and TiO 2 E CB ( Figure   9 (d)) are identical for GD1 and GD2, both in the DMPIm + electrolyte and the Li + electrolyte. This suggests that the cation exchange mechanism that produces these trends is common to both dyes under light exposure. In standard electrolyte, the GD1 V oc is enhanced by the light exposure treatment whilst the J sc is decreased. The V oc enhancement is consistent with the cation exchange mechanism that replaces surface Li + with DMPIm + , a much bulkier cation which can more effectively block recombination between TiO 2 electrons and the redox mediator. In GD2 devices, the light-induced photocurrent enhancement was associated with the removal of Li + , which is suspected to inhibit the initial charge generation process. However, for GD1 devices, the Li + electrolyte did not appear to have a negative effect on the charge generation. This can be confirmed by comparing the J sc for as-prepared GD1 devices with the Li + electrolyte (8.07 mA cm -2 ) and light exposed devices containing the DMPIm + electrolyte (6.95 mA cm -2 ), as was done earlier for GD2-sensitized devices. For GD1, the device containing the Li + electrolyte has a higher J sc , consistent with the much more positive E CB, which provides a much greater overlap between the dye LUMO and the TiO 2 acceptor orbitals, in contrast to the results observed for GD2. This suggests that Li + ions in the surface region do not limit the injection for GD1 devices, and thus the light exposure effect can be explained by the conduction band potentialdependent injection yield. In order to probe whether this was the result of the slight change in porphyrin core substitution or a result of the binder configuration, other porphyrin dyes were investigated. Across several zinc porphyrin dyes tested, adding bulky tertiary-butyl (T1, Figure 1 and 10(a)) or even octyl substituents (P159, Figure 1 and 10(a)) at the meso position did not affect the trends in electron lifetime (Figure 10(c) ), diffusion coefficient (Figure 10(b) and TiO 2 E CB (Figure 10(d) ) following light exposure. These trends were always accompanied by an increased V oc in standard electrolyte, consistent with the cation exchange mechanism which replaces surface Li + with DMPIm + (photovoltaic performance data in Tables S1-S3) . However, when focusing on the binding group used to anchor the dye to the TiO 2 surface, a comparison between dyes with similar porphyrin cores but which employed either a simple carboxylic acid (P347, Figure 1 and 10(a) ), cyanoacrylic acid (GD1, Figure 1 and 9(a)) or the multiple carboxylate malonic acid binding group (GD2, T1 and P159, Figure 1and 9(a)), only dyes which employed the malonic acid binder showed simultaneous J sc increases after light exposure.
Comparing the J sc for as-prepared devices with the Li + electrolyte and light exposed devices containing Since the charge generation limitation is only apparent for dyes that possess binding moieties with two carboxylate groups, we propose that one of these groups initially associates with Li + ions rather than forming a bond to the TiO 2 . Upon illumination, the dye cation is created, which in turn initiates an exchange of cations at the TiO 2 surface where Li + ions are replaced with DMPIm + ions, as illustrated in Figure 11 . Creation of the cation could repel Li + through either a Coulombic repulsion, or alternatively, by attracting I -ions towards the dye with Li + ions then following as a counterion. Removal of the surface Li + species allows the second COO -group to form a bond with the TiO 2 and either enhance injection or decrease a fast recombination process, since the DMPIm + ions are too bulky to locate themselves between the dye binding group and the TiO 2 surface and interfere with this process. Based on these results, there appears to be general implications for other types of sensitizers exposed to light treatment. Provided there is enough open space at the surface to allow the cation exchange process observed in this study, a light treatment could be expected to lead to similar V oc increases. Furthermore, for dyes which employ multiple carboxylic acid binding groups in close proximity, such as the example in this study where two carboxylic acids are connected to a to a common carbon atom on the linker frame, Li + ions would be expected to affect either the injection into TiO 2 or promote a fast recombination reaction. This limitation could be removed with a light exposure of these dyes, leading to improved device performance. 
CONCLUSIONS
SUPPORTING INFORMATION AVAILABLE
The change in V oc , J sc and fill factor observed for GD2-sensitzed solar cells containing DMPIm + rich electrolyte II after application of an external bias in the dark for 1 hour ( Figure S1 ). The dependence of 
